A new and simplified method to determine left ventricular (LV) volumes with two-dimensional echocardiography (2-D echo) was developed using the parasternal long-axis and apical fourand twochamber views. An end-diastolic area (EDA) was derived using the longest minor axis (Dmax) from either of the three views and the major long axis (Lmax) from the apical views, with the formula EDA = Dmax * L Tr/4. LV end-diastolic volumes (EDVs) obtained by single-plane angiograms were correlated with the EDAs derived from 2-D echo in 25 initial patients and the resultant equation, EDV = (EDA x 4.35) -6.44 (r = 0.82, SEE = 34 ml), was applied prospectively to 27 patients (r = 0.95, SEE = 19 ml) and to the 52 combined patients without underestimation according to the equation y = 1.07 x -7.3. Twenty-nine of the 52 patients had coronary artery disease and regional dyssynergy. Ejection fraction (EF) measured with a previously validated method that uses the average of several LV dimensions correlated well with angiographic EF in the initial (r = 0.96, SEE = 5%) and prospective (r = 0.87, SEE = 8%) series and in both series combined (r = 0.92, SEE = 7%). End-systolic volume (ESV) was derived by substracting stroke volume (EDV x EF) from EDV. Correlation coefficients for 2-D echo ESV vs angiographic ESV were 0.91, 0.97 and 0.94, with SEES of 25, 12 and 19 ml for the initial, prospective and combined series, respectively. Two-dimensional echo EDV, EF and ESV also correlated well (r = 0.89-0.97) with biplane angiographic results in 15 of 27 prospective patients. Comparisons between two independent observers revealed high r values (0.958-0.965) and mean differences for EDV, EF and ESVof + 3%, 6% and 8%, respectively. Thus, a simplified method of determining LV volumes with 2-D echo without a need for planimetry or computer assistance has been validated.
SUMMARY A new and simplified method to determine left ventricular (LV) volumes with two-dimensional echocardiography (2-D echo) was developed using the parasternal long-axis and apical fourand twochamber views. An end-diastolic area (EDA) was derived using the longest minor axis (Dmax) from either of the three views and the major long axis (Lmax) from the apical views, with the formula EDA = Dmax * L Tr/4. LV end-diastolic volumes (EDVs) obtained by single-plane angiograms were correlated with the EDAs derived from 2-D echo in 25 initial patients and the resultant equation, EDV = (EDA x 4.35) -6.44 (r = 0.82, SEE = 34 ml), was applied prospectively to 27 patients (r = 0.95, SEE = 19 ml) and to the 52 combined patients without underestimation according to the equation y = 1.07 x -7.3. Twenty-nine of the 52 patients had coronary artery disease and regional dyssynergy. Ejection fraction (EF) measured with a previously validated method that uses the average of several LV dimensions correlated well with angiographic EF in the initial (r = 0.96, SEE = 5%) and prospective (r = 0.87, SEE = 8%) series and in both series combined (r = 0.92, SEE = 7%). End-systolic volume (ESV) was derived by substracting stroke volume (EDV x EF) from EDV. Correlation coefficients for 2-D echo ESV vs angiographic ESV were 0.91, 0.97 and 0.94, with SEES of 25, 12 and 19 ml for the initial, prospective and combined series, respectively. Two-dimensional echo EDV, EF and ESV also correlated well (r = 0.89-0.97) with biplane angiographic results in 15 of 27 prospective patients. Comparisons between two independent observers revealed high r values (0.958-0.965) and mean differences for EDV, EF and ESVof + 3%, 6% and 8%, respectively. Thus, a simplified method of determining LV volumes with 2-D echo without a need for planimetry or computer assistance has been validated.
TWO-DIMENSIONAL echocardiography (2-D echo) has been established as a noninvasive technique that allows calculation of left ventricular (LV) volumes and ejection fraction (EF). Although methods with acceptable degrees of accuracy and reproducibility have been reported, they require drawing images for planimetry and often computer assistance to determine volumes,1-7 which limits their routine clinical use. We previously reported a simplified and accurate method for quantitating EF from direct measurements of LV dimensions and a formula that obviates having to determine volumes. 8 In the present investigation, we report a method for calculating LV end-diastolic volume (EDV) from 2-D echo LV dimensions that, combined with our method of measuring EF, allows accurate derivation of end-systolic volume (ESV). Methods
Initial Series
The initial series consisted of 30 patients in regular sinus rhythm in whom 2-D echocardiography and sin-gle-plane LV angiography were performed within 24 hours of each other. Five patients were excluded, three because of poor-quality 2-D echoes and two because of poor-quality LV angiograms. Among the remaining 25 patients (17 males and eight females, mean age 54 years, range 29-77 years), 18 had coronary artery disease (CAD), 16 with regional dyssynergy and two with normal wall motion; two patients had aortic insufficiency, one patient had mitral regurgitation, one patient had congestive cardiomyopathy, and three patients had normal heart evaluations.
Echocardiographic Measurement of Volumes
Wide-angle, 2-D echoes were recorded using a mechanical sector scanner (Advanced Technology Laboratories Mark V) or a phased-array sector scanner (Varian V-3400). All studies were videotaped on 3/4inch Umatic videocasette recorders equipped with a back-spacer search module, which allows frame-byframe bidirectional playback. The video frame rate of the system is approximately 60 frames/sec. All patients were studied in the left lateral recumbent position using multiple views through the left parasternal and apical windows. Three views were selected for measurements: parasternal long-axis, apical four-chamber and apical two-chamber. Several minoraxis LV dimensions at the upper, middle and lower third of the LV cavity were measured at end-systole and end-diastole, as previously described8 (fig. 1 ). The LV long axis (Lmax) was measured at end-diastole as the longest major axis in either of the two apical views. The measurement of Lmax was rounded off to the closest whole number to ensure reproducibility. LV 
EF was measured using the averages of all the minor-axis dimensions measured at end-diastole (Ded) and end-systole (Des) with a formula previously validated in this laboratory:8 (2) where %AD = (Ded2 -Des2)/Ded2, and %AL = fractional shortening of the long axis estimated from apical contraction8 as 0.15 with normal apical wall motion, 0.05 with apical hypokinesis, 0 with apical akinesis, and -0.05 with apical dyskinesis.
Angiographic Measurements
Single-plane LV angiography was performed in the 300 right anterior oblique projection with the injection of 40-50 ml of contrast medium (Renografin-76) during held midinspiration at a flow rate of 10-15 ml/sec. The LV silhouette from cardiac cycles in sinus rhythm and not preceded by premature complexes was traced at end-diastole (largest cavity size) and at end-systole (smallest cavity size). LV volumes and EF were derived with the single-plane modification of the arealength method;9 a 1-cm grid was filmed to correct for magnification.
Echocardiographic Derivation of LV Volumes
The LV EDAs derived from the 2-D echo measurements were correlated to the angiographic EDVs in the initial 25 patients. From this correlation a regression equation was derived to calculate EDV from EDA. The derived EDV and the measured EF were used to calculate stroke volume (SV) and ESV as follows: prospectively to test the results from the initial series. Echocardiographic and angiographic studies were performed within 24 hours of each other. Four patients were excluded: two because of poor-quality 2-D echoes and two because of poor-quality LV angiograms. The remaining 27 patients consisted of 17 males and 10 females, mean age 48 years (range 17-78 years). Fifteen patients had CAD alone, one patient had CAD associated with mitral and aortic regurgitation, and one had CAD with aortic stenosis. Four patients had congenital defects: one patient had an atrial septal defect, one had a ventricular septal defect, one had both atrial and ventricular septal defects and one had a partial atrioventricular canal. Two patients had mitral regurgitation and two had congestive cardiomyopathy. Two patients were considered to have normal hearts. Thirteen of the 17 patients with CAD had abnormal wall motion on the LV angiogram.
Echocardiographic studies and measurements were performed as in the initial series. In addition to singleplane ventriculography, a simultaneous biplane cineangiogram was obtained in the left anterior oblique projection in 15 of the 27 patients. In these patients, LV volumes were also calculated with the biplane cineangiographic modification of the area-length method. '°T he interobserver variability of the method was assessed in 15 of the 27 patients in the prospective series by two investigators who interpreted the same 2-D echoes and measured and calculated volumes and EF.
Statistical Analysis
Statistical correlations between methods were made by linear regression analysis.
Results
The echocardiographic and angiographic data for the initial and prospective series are listed in tables 1 and 2. Three views of diagnostic quality (parasternal long-axis, apical four-chamber and apical two-chamber) were available in 31 of 52 patients (60%); at least two views were available in all patients. Abbreviations: Dmnax = largest LV minor-axis diameter; L = long axis; EDA = end-diastolic area; EDV = end-diastolic volume; EF = ejection fraction; ESV = end-systolic volume; CAD = coronary artery disease; NL = normal; Al = aortic insufficiency; CCM = congestive cardiomyopathy; MR = mitral regurgitation. view in 31% and from the two-chamber view in 13%.
Lmax was obtained from the apical four-chamber view in 50 patients and from the two-chamber view in two. Table 3 lists the correlation coefficients and equations for the linear regression analyses. In the initial series, echocardiographic LV EDA correlated well with angiographic EDV (r = 0.82, SEE = 34 ml; fig.  2 ). The regression equation EDV = (4.35 EDA) -6.44 (5) was used to calculate EDV from EDA, and the results correlated well with angiographic EDV in both the prospective series (r = 0.95, SEE = 19 ml) and the combined series (r = 0.88, SEE = 28 ml) ( fig. 3A) . The regression equations from these comparisons were close to a line of identity (table 3) , suggesting no significant underestimation of EDV by the 2-D echo. Excellent correlations were observed between 2-D echo and single-plane angiographic EF for the initial (r = 0.96, SEE = 5%) and prospective series (r = 0.87, SEE = 8%) and for the two series combined (r = 0.92, SEE = 7%) ( fig. 3B ). ESV by 2-D echo also correlated very well with single-plane angiographic ESV (r = 0.919 0.97 and 0.94, SEE = 25, 12 and 19 ml for the initial, prospective and the combined series, respectively) ( fig. 3C ). Again, the regression equations were close to the line of identity for all the ESV comparisons (table 3) . Figure 4 illustrates the comparison between 2-D echo and biplane angiography for the measurement of EDV, ESV and EF. All three 2-D echo measurements correlated very well with the angiographic standard (r = 0.89-0.97), and the regression equations were close to a line of identity.
Excellent correlations were observed between the measurements made by the two observers for EDV (r = 0.967, SEE = 14 ml), ESV (r = 0.960, SEE = 14 ml) and EF (r = 0.95, SEE = 5%). The mean differences between the two observers were + 3% for EDV, 8% for ESV and + 6% for EF.
Discussion
In this study, we developed a simplified method to derive LV volumes from 2-D echoes in adults with various types of heart diseases. As 
ESV can be derived by subtracting SV from EDV. The reliability of this method depends on two basic assumptions. First, EF can be accurately determined from an average of several LV minor-axis dimensions and an estimate of the fractional shortening of the long axis (%AL). This assumption was validated in our previous study8 and confirmed in this investigation. septal defect; ASD = atrial septal defect; AS = aortic stenosis; AVC -Second, the product of Dmax and Lmax reflects EDV accurately regardless of the size of the left ventricle. This second assumption should hold as long as the ventricle is elliptical at end-diastole. Fortunately, diseases such as ischemic injury affect LV geometry much more during systole than during end-diastole." Other conditions such as congestive cardiomyopathy and volume overload reduce the L:D ratio as the ventricle becomes more spherical,'2' l but this change in itself should not mathematically limit the relation of EDV to the product of D x L. However, conditions that result in major differences between the two orthogonal minor axes and thus affect the circular shape of the left ventricle on cross section might alter the relation of EDV to Dma x L 14 15 In this investigation, we used Dmax rather than an average of several minor axes to compensate for the known underestimation of LV volumes by 2-D echo.
Dmax was selected from one of three long-axis views under the assumption that in that particular view the tomographic plane of the 2-D echo bisected the ventri- Abbreviations: SEE = standard error of the estimate; SP = single-plane angiogram; BP = biplane angiogram; IS = initial series; PS = prospective series; TS = total series; 1 = observer 1; 2 = observer 2; EDA = end-diastolic area; EDV = end-diastolic volume; ESV = end-systolic volume; EF = ejection fraction. cle through its center. In theory, one would prefer to cut the LV in multiple short-axis planes, but this practice would limit the number of patients accessible to quantification.
The good correlations between EDV derived from the echocardiographic measurements and the angiographic standards (single-plane and biplane) validate our second assumption. Mathematically, however, the angiographic area-length methods also depend on the product of two orthogonal minor axes and the long axis. Interestingly, in our initial series we examined the relation of angiographic EDV to a direct calcula- tion of EDV as D2 x L and found it to be no more accurate than deriving EDA from Dm., x L.
The accuracy of our results in terms of correlation coefficients and standard error of estimates are comparable to those reported with more complicated methods, including Simpson's rule.'-' However, the data points were distributed close to a line of identity as manifested by the intercepts and slopes of the relations. In many previous studies, volumes derived by 2-D echo were consistently smaller than the angiographic standards. 1-' The use of an equation that relates echo measurements to angiographic volumes and thus corrects, to some degree, for the inherent tendencies of 2-D echo to underestimate LV size probably accounts for the improvement of our results over the other methods.
This simplified method of determining LV volumes is limited only to end-diastole and end-systole and cannot be applied to construct volume-time curves. However, its simplicity, its accuracy and its interobserver reproducibilty may make it attractive for clinical use.
